Laminin a4 (LAMA4) is located in the extracellular basement membrane that surrounds each individual adipocyte. Here we show that LAMA4 null (Lama4 2/2 ) mice exhibit significantly higher energy expenditure (EE) relative to wild-type (WT) mice at room temperature and when exposed to a cold challenge, despite similar levels of food intake and locomotor activity. The Lama4 2/2 mice are resistant to age-and diet-induced obesity. Expression of uncoupling protein 1 is higher in subcutaneous white adipose tissue of Lama4 2/2 mice relative to WT animals on either a chow diet or a high-fat diet. In contrast, uncoupling protein 1 expression was not increased in brown adipose tissue. Lama4 2/2 mice exhibit significantly improved insulin sensitivity compared with WT mice, suggesting improved metabolic function. Overall, these data provide critical evidence for a role of the basement membrane in EE, weight gain, and systemic insulin sensitivity. (Endocrinology 159: [356][357][358][359][360][361][362][363][364][365][366][367] 2018) 
Laminin a4 (LAMA4) is located in the extracellular basement membrane that surrounds each individual adipocyte. Here we show that LAMA4 null (Lama4 2/2 ) mice exhibit significantly higher energy expenditure (EE) relative to wild-type (WT) mice at room temperature and when exposed to a cold challenge, despite similar levels of food intake and locomotor activity. The Lama4 2/2 mice are resistant to age-and diet-induced obesity. Expression of uncoupling protein 1 is higher in subcutaneous white adipose tissue of Lama4 2/2 mice relative to WT animals on either a chow diet or a high-fat diet. In contrast, uncoupling protein 1 expression was not increased in brown adipose tissue. Lama4 2/2 mice exhibit significantly improved insulin sensitivity compared with WT mice, suggesting improved metabolic function. Overall, these data provide critical evidence for a role of the basement membrane in EE, weight gain, and systemic insulin sensitivity. (Endocrinology 159: 356-367, 2018) A dipocytes are lined by a thin network of proteins known as the basement membrane. Basement membranes are submicron-sized extracellular matrix (ECM) structures that are distinct in composition, structure, and location from the stromal ECM. Stromal ECM proteins such as collagen I, III, and VI are present in adipose connective tissue and areas of fibrosis, and their contributions to adipose tissue expansion have been investigated (1) (2) (3) (4) , but little is known about how basement membrane proteins contribute to adipose tissue function. The basement membrane consists primarily of various laminin isoforms, collagen IV, entactin, and perlecan (5) . These components interact in a defined way to form a mesh-like network that interacts with adipocytes and also serves as a link to the stromal ECM. In humans, obese adipose tissue has a disorganized basement membrane with collagen IV clusters frequently associated with adipocytes from obese subjects compared with adipocytes from lean subjects (6) . Recently, basement membranes have emerged as a critical regulator of both normal physiological conditions and pathologic events in many tissues and organs. For example, altered composition of kidney basement membranes (7, 8) and increased stiffness of the retinal basement membrane (9) contribute to comorbidities observed in people with diabetes.
Laminin isoforms are fundamental to both the assembly and function of basement membranes. The laminin family of glycoproteins has heterotrimeric structures of a, b, and g subunit chains (10) (11) (12) (13) . Laminins interact with other basement membrane proteins, cell membrane receptors, and also the stromal ECM. The specific isoforms present in a particular tissue vary with anatomic location and disease state. The primary isoforms present in adipose tissue are a4, a2, b1, and g1 (14) (15) (16) (17) . The composition of the adipose basement membrane changes during adipocyte differentiation, primarily through increased expression of laminin a4 (LAMA4) (18) (19) (20) (21) . However, the relative importance of specific isoforms in terms of regulating tissue physiology is unclear.
Recently, mice with a null mutation in the laminin a4 gene (Lama4 2/2 ) have been shown to exhibit reduced weight gain and adipose mass accumulation under both standard chow and high-fat diets (HFDs) (17) . However, the mechanism underlying this resistance has not been defined. Brown adipose tissue (BAT) is an adipose depot that plays a role in energy expenditure (EE) and heat generation. Interest in BAT has increased in recent years, particularly as a potential treatment of obesity and metabolic disease. However, the small volume of BAT relative to white adipose tissue (WAT) in adults suggests that its therapeutic potential may be limited when targeted directly. Beige or brite (brown-in-white) cells are adipocytes that reside in WAT depots that have been induced to behave in a thermogenic manner similar to BAT (22) . Beige adipocytes exhibit characteristics of both white and brown adipocytes and have a thermogenic capacity that can enhance both local adipose function and systemic metabolism (22) (23) (24) . Recent evidence suggests that laminin a1-based and laminin g1-based peptides (25) and substrate properties (26) influence adipocyte expression of uncoupling protein 1 (UCP1) in three-dimensional culture but, to our knowledge, there have not been any studies showing that the basement membrane influences beige or brown adipose function in vivo.
In the current studies, we examine the mechanism underlying resistance to weight gain observed in Lama4 2/2 mice. We found that energy expenditure was increased without any substantial changes in locomotor activity on both chow and HFDs. Enhanced UCP1 expression was observed in subcutaneous WAT (sWAT) and, depending on diet, in BAT as well. In addition, systemic insulin sensitivity was increased when mice were challenged with HFD. These data provide important evidence for a role of the basement membrane in adipocyte metabolic function and beige adipose formation.
Research Design and Methods

Animals, diets, and housing
The number of animals to be used was based on the expected effects size. All animal procedures and animal numbers were approved by the University of Chicago Institutional Animal Care and Use Committee. The generation of Lama4 2/2 was previously described (27) . The mice were backcrossed to C57 BL/6 mice (Charles River) for more than 10 generations. Mice were fed either standard chow diet (Teklad 2918; Harlan Laboratories) or 45% HFD (Teklad custom diet TD.06415; Harlan Laboratories). Both the chow diet and HFD were matched for micronutrient content. The animals were fed ad libitum. Animals were weighed weekly starting at 8 weeks of age. The mouse studies were conducted without randomization to experimental groups, but the investigators were blinded to the genotype for immunostaining analysis, indirect calorimetry measurements, and dual-energy X-ray absorptiometry (DEXA) scan measurements.
Immunostaining
For immunostaining in mouse tissues, animals at 13 to 15 weeks of age were euthanized and tissues harvested. The tissues were fixed in 4% paraformaldehyde, paraffin embedded, and sectioned (5mm thickness) with a microtome. Immunohistochemical staining for UCP1 was performed. Briefly, tissue sections were first incubated with primary antibody (anti-UCP1, abcam 10983, produced in rabbit, 5.2 mg/mL) and 5% goat serum at 4°C. After overnight incubation and rinsing with phosphate-buffered saline, the avidin-biotin complex method (Vectastain Elite ABC kit) was used as secondary antibody. sWAT-and UCP1-positive area percentages were then quantified and compared using bright-field microscope images.
Indirect calorimetry
Four male Lama4
2/2 and four Lama4 +/+ aged 11 to 14 weeks on a chow diet and four male Lama4 2/2 and three Lama4 +/+ on HFD were evaluated for metabolic parameters using the TSE Systems LabMaster-Metabolism Research Platform. Physical activity was monitored in the X and Z planes using an infrared light beam. Measurements for animals' oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) were used to estimate various metabolic parameters, including the respiratory exchange ratio, EE, and substrate utilization. Mice were provided free access to food and water, in a 12-hour light (6 AM to 6 PM) and 12-hour dark (6 PM to 6 AM) cycle. The experimental protocol was 5-day acclimation and a 2-to 3-day experimental period. For the initial 5 days, the cage ambient temperature was at room temperature (25°C), followed by 24 hours of thermoneutrality at 30°C and then finally 24 hours in cold challenge at 16°C.
DEXA
DEXA (Lunar PIXImus densitometer system; GE Healthcare) was conducted on 15-week-old mice to measure body composition using PIXImus 2 software. Prior to the initiation of the experiment, the system was calibrated according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction
Freshly collected tissues or cells were flash frozen in liquid nitrogen and stored at 280°C for later processing or immediately processed using an E.Z.N.A Total RNA kit II (Omega) extraction kit following the manufacturer's instructions. The purity and concentration of the isolated RNA was assessed using a Nanodrop 2000; 260/280 ratios were approximately 2.0. The complementary DNA was synthesized with Quanta Biosciences Qscript. Quantitative real-time polymerase chain reaction was performed using SYBER green on a Bio-Rad MyiQ RT-PCR detection system (Bio-Rad). Primers (Table 1) from Integrated DNA Technologies were selected from literature or designed using Mouse Primer Depot (http://mouseprimerdepot. nci.nih.gov/) and Primer-Blast (http://www.ncbi.nlm.nih.gov/ tools/primer-blast/). Melt curve analysis was used to assess primer specificity, and 18S ribosomal RNA was used as the reference gene to control for total messenger RNA recovery. Gene expression levels were evaluated by the DD threshold cycle (Ct) method.
Insulin and glucose tolerance testing
A glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed on 13-and 15-week-old male mice, respectively. The mice were fasted for 6 hours. For GTT, animals were injected 1 g/kg D-glucose intraperitoneally (IP), whereas for the ITT, 0.75 U/kg human insulin was injected IP with glucose levels measured from tail bleeds at 0, 15, 30, 45, 60, 90, and 120 minutes after IP injection using a Freestyle lite blood glucose monitor (Abbott). The area under the curve was calculated using SigmaPlot 11.0 software (Systat Software, Inc., San Jose, CA) for the GTT and ITT.
Primary fibroblast isolation
The method for depositing ECM from fibroblasts has been previously described (28) . Primary fibroblast cells were isolated from Lama4 2/2 and Lama4 +/+ mice skin following this previously published procedure (29) . Briefly, dermal tissue was explanted from euthanized mice. The tissue was minced and placed in tissue plates and the fibroblast migrated out of the tissue and adhered to the tissue culture plates. Tissue fragments and cells were cultured in Dulbecco's modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Primary adipose-derived stem cell isolation
Subcutaneous adipose depots were harvested from euthanized Lama4 2/2 and Lama4 +/+ mice and digested in collagenase type I. The adipose-derived stem cells were enzymatically isolated following the published protocol (30) . Briefly, digestion was performed in an orbital shaker at 37°C for 60 minutes. The digest was then centrifuged with the floating adipocyte layer discarded. The pelleted stromal vascular fraction was washed two times with complete media and plated on tissue culture plastic. The complete media were DMEM/F12 with 10% FBS and 1% penicillin/streptomycin. Cells at passages 3 to 6 were used for experiments.
Fibroblast ECM generation
The method for depositing ECM from fibroblasts has been previously described (28) . Primary Lama4 2/2 and Lama4 +/+ fibroblast cells were isolated from mice skin and lung following a previously published procedure (29) . Briefly, fibroblast cells were plated on gelatin-coated well plates at 2.5 3 10 5 cells/mL and cultured for 8 days using media containing 0.5 mg/mL ascorbic acid to enhance ECM deposition. Next, the ECM was decellularized using 0.5% Triton X-100 and 20 mM NH 4 OH in phosphate-buffered saline. Then, isolated Lama4 2/2 and Lama4 +/+ adipose-derived stem cells were seeded on the ECM at 2 3 10 4 cells/mL. These cells were then cultured overnight and then given media to induce differentiation into adipocytes. Induction media were given to the cells for 48 hours to induce adipocyte differentiation. The induction media consisted of DMEM/F12 with 10% FBS, 1% penicillin/streptomycin, 125 mM indomethacin, 2 mg/mL dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 0.5 mM rosiglitazone, 1 nM 3,3 0 ,5-triiodo-Lthyronine, and 5 mg/mL insulin (31). After 2 days of induction media, cells were given maintenance media consisting of F12/ DMEM with 10% FBS, 1% penicillin/streptomycin, 1 nM 3,3 0 ,5-triiodo-L-thyronine, and 5 mg/mL insulin. On the first maintenance media change (day 2) to maintenance media, 0.5 mM rosiglitazone was added. On the second maintenance media change (day 4), 1.0 mM rosiglitazone was added. Additional maintenance media changes past day 7 did not receive additional rosiglitazone. Cells were incubated at 37°C and 5% CO 2 .
Statistics
The repeated-measures analysis of variance (ANOVA) followed with the Tukey test was used for repeated measurements of weight, food consumption, movements, EE, VO 2 , VCO 2 , and respiratory exchange ratio over time. The two-way repeated-ANOVA with one-factor repetition was followed by the Holm-Sidak method for individual comparison posttest. The comparison of cells grown on different ECM matrix used Kruskal-Wallis one-way ANOVA on ranks followed by all pairwise multiple comparison procedures (Dunn's method). The Student t test was used for all other statistical analysis. In all cases, P , 0.05 was considered significant.
Results
Lama4
2/2 mice consume the same amount of food as wild-type mice Lama4 2/2 and Lama4 +/+ mice on a chow diet were evaluated at 12 to 15 weeks of age. This age range was selected because we wished to assess metabolic and other responses prior to any significant alterations in weight. Lama4 2/2 mice have been shown to be resistant to ageinduced obesity, with significant differences in weight observed only after 15 weeks of age (17) . As expected, Lama4 2/2 and Lama4 +/+ mice weights on a chow diet were the same during this time frame [ Fig. 1(a) ]. In addition, we found that Lama4 2/2 mice consume equal amounts of standard chow food as the Lama4 +/+ mice at each of three temperatures: cold challenge (16°C), room temperature (25°C), and thermoneutrality (30°C), during both light and dark cycles [ Fig. 1(b) ]. Food consumption for mice housed in thermoneutral conditions is lower compared with mice housed at room temperature or in cold cages for both Lama4 2/2 and Lama4 +/+ mice. These findings are expected and consistent with other literature on rodent food intake at different housing temperatures (32). Fig. 1(c) ]. In particular, during the 16°C cold challenge and at thermoneutrality, Lama4 2/2 mice moved significantly less in total, fine, and ambulatory movements [ Fig. 1(c) UCP1 expression is significantly increased in Lama4 2/2 mice sWAT depots WAT is primarily involved in energy storage and cytokine production, whereas BAT is a major site of thermogenesis. UCP1 is a mitochondrial protein that contributes to heat generation in BAT. To determine if altered UCP1 expression could explain the increase in EE seen in Lama4 2/2 mice, we first assessed UCP1 messenger RNA expression. UCP1 expression was not significantly different in BAT from chow-fed Lama4 2/2 mice [ Fig. 2(a) ] relative to control mice. WAT depots can develop UCP1-expressing cells based on environmental conditions. These cells have been termed beige or brite adipocytes. To determine if there was an increase in beige adipocytes in Lama4 2/2 mice, UCP1 expression was assessed in both sWAT and epididymal WAT (eWAT). sWAT from Lama4 2/2 mice had higher UCP1 expression (40.7 6 16.1-fold expression, n = 5) than WT mice (1.0 6 0.2-fold expression, n = 5) [ Fig. 2(a) mice at each of three temperatures: cold challenge (16°C), room temperature (25°C) conditions, and thermoneutrality (30°C), during both the light and dark cycles [ Fig. 3(c) ]. In addition, the Lama4 2/2 mice exhibited the same or fewer movements on the HFD than Lama4 +/+ mice in most metrics [ Fig. 3(d) ]. In only one condition (ambulatory movement) during the 25°C light cycle did the Lama4 2/2 mice move significantly more than the Lama4 +/+ mice. As with chow diet, differences in food intake and locomotor activity do not appear to explain the resistance to obesity seen in Lama4 2/2 mice when challenged with HFD.
Energy expenditure for Lama4 2/2 mice is increased when fed HFD Lama4 2/2 and Lama4 +/+ mice were housed in metabolic cages at room temperature (25°C), in thermoneutral (30°C) conditions, and with a cold challenge (16°C). Energy expenditure was significantly increased for Lama4 2/2 compared with WT control mice at all temperature conditions when mice were challenged with HFD [ Fig. 3 (e)-3(i)]. The Lama4 2/2 VCO 2 and VO 2
were significantly higher compared with WT control mice [ Fig. 3(j) and 3(k) ]. The respiratory exchange ratio was not significantly higher at any temperature [ Fig. 3(l) ]. DEXA scanning indicated that the percentage of fat was lower in Lama4 2/2 mice, whereas body length and lean mass were both similar [ Fig. 3(m) ].
Beige markers are upregulated in Lama4 2/2 mice fed HFD Similar to a chow diet, messenger RNA expression of UCP1 was increased in sWAT of Lama4 2/2 mice on HFD (41.7 6 14.8-fold expression, n = 5) compared with Lama4 +/+ mice (1.4 6 0.5-fold expression, n = 5, P = 0.026) [ Fig. 4(a) ]. Interestingly, UCP1 expression was not increased in BAT from Lama4 2/2 mice (Lama4 2/2 mice 448.1 6 162.5-fold and Lama4 +/+ mice 250.3 6 60.9-fold, n = 5) [ Fig. 4(a) ]. Cox7a1 expression was also significantly higher in sWAT from Lama4 2/2 mice on HFD relative to controls. However, no differences in Cox7a1 were observed in BAT [ Fig. 4(b) ]. Expression of CIDEA was not increased in sWAT or BAT [ Fig. 4(c) Fig. 4(f) , n = 5]. In Lama4 2/2 and Lama4 +/+ mice fed HFD, the BAT had a similar appearance [ Fig. 4(g) and 4(h) ]. The sWAT depot and epididymal WAT (eWAT) depots were significantly increased in weight in Lama4 +/+ mice fed HFD; notably, the BAT depots were similar in size [ Fig. 4(i) ].
2/2 mice exhibit significantly improved insulin sensitivity compared with WT mice To define the effects of LAMA4 on systemic insulin sensitivity, Lama4 +/+ and Lama4 2/2 mice were fed a 45% 
2/2 ECM results in greater UCP1 expression by Lama4 2/2 cells An in vitro approach (35, 36) was used to directly examine interactions between LAMA4-deficient ECM and adipocytes [ Fig. 6(a) ]. Fibroblasts isolated from Lama4 2/2 and Lama4 +/+ mice were cultured in conditions that enhance ECM production. After culture, the fibroblasts were lysed, leaving behind a network of ECM proteins with (Lama4 +/+ fibroblasts) and without (Lama4 2/2 fibroblasts) LAMA4. Adherent cells derived from the stromal vascular fraction of adipose tissue from Lama4 2/2 and Lama4 +/+ mice were cultured on the ECM and induced to differentiate into adipocytes [ Fig. 6(a) ]. 
Discussion
Cell behavior is regulated by basement membranes. For example, basement membranes provide signals to stems cells that enable cells to remain quiescent or induce differentiation (37) , and basement membranes influence tumor growth and metastasis (38) . The composition of the basement membrane varies throughout the body, and alterations in composition contribute to a number of pathologies. Several human diseases, including congenital muscular dystrophy, Pierson syndrome, osteoarthritis, Alport syndrome, and Goodpasture syndrome, are characterized by abnormalities in the laminin family of proteins, a primary component of the basement membrane (39) .
Every adipocyte is surrounded by a thin basement membrane. However, how this basement membrane influences adipocyte function is unknown. The studies presented here demonstrate that deletion of a single basement membrane component (LAMA4) leads to increased adipocyte expression of UCP1. This results in increased EE and a lean mouse phenotype. Mice lacking LAMA4 are resistant to obesity despite food consumption equal to that of WT controls and exhibiting the same level of locomotor activity. In fact, when LAMA4 null mice are challenged with HFD, they maintain a weight similar to chow-fed WT controls. In addition, this phenotype is recapitulated in vitro with adipocytes grown on ECM lacking LAMA4, suggesting an adipose-autonomous effect.
There is great interest in the activation of brown or beige fat cells to increase EE as a possible treatment of obesity. Brown adipocytes were previously thought to contribute to thermogenesis in small mammals, with limited function in humans. More recently, studies have shown that brown fat in humans may contribute to whole-body EE. The exact lineages of these cells is not clear, as some studies suggest that certain brown and white adipose depots in humans may exhibit a beige gene expression program (22, (40) (41) (42) . The origin of beige cells is controversial, with evidence for transdifferentiation as well as potential beige progenitor cell populations. In this work, we did not investigate how beige cells are recruited but instead investigated the presence of beige cells in sWAT. In Lama4 2/2 mice, UCP1 expression was upregulated at room temperature in sWAT on both a chow diet and HFD, even in the absence of cold exposure or hormonal beige inducers. Cox7a1 and CIDEA are two genes that have enriched expression in beige adipocytes (22) . On HFD, Lama4 2/2 mice had Cox7a1 expression significantly increased. CIDEA, however, did not experience this upregulation in HFD conditions. Beige adipocytes were not observed in eWAT of LAMA4 knockout mice, consistent with other beige adipose studies (43). Three temperature conditions were selected for evaluating the LAMA4 mice. Cold exposure activates BAT and beige adipocytes in sWAT (44) (45) (46) (47) . At room temperature, UCP1 was upregulated in sWAT from Lama4 2/2 mice without exogenous induction. This is in contrast to other studies at room temperature that suggested beige cells in sWAT require induction (43, 48) . Interestingly, at thermoneutral conditions, mice on a standard chow diet had the same EE, whereas the Lama4 2/2 mice on HFD exhibited increased EE even at thermoneutrality. Targeting the basement membrane may result in increased EE independent of environmental temperature. On a chow diet or HFD, there were no differences between UCP1 expression in the BAT of Lama4 2/2 and Lama4 +/+ mice, suggesting that the improved metabolic consequences result from the changes observed in sWAT.
When examining Lama4
2/2 mice on HFD, sWAT UCP1 expression was ;10% of the WT BAT UCP1 expression. Although UCP1 expression is lower, if one takes into account that sWAT is approximately five to six times greater in mass than BAT, then the 10% increase in UCP1 in sWAT could conservatively produce an additional 60% contribution in thermogenesis to the overall energy balance. The UCP1 gene expression, in combination with UCP1 immunohistochemistry, and increased EE support a substantial thermogenic contribution from beige cells in sWAT physiologically relevant to the Lama4 2/2 mice lean phenotype. The mechanism by which LAMA4 deficiency leads to UCP1 expression is not known. An adipose-autonomous effect was observed using ECM-based in vitro studies. The properties of the ECM that influence cell behavior include composition, mechanical properties, and structure. The The data are from two independent experiments (n = 12). (d) Relative CIDEA gene expression by cells on Lama4 2/2 or Lama4 +/+ ECM, with six biological replicates per group and three technical replicates per biological sample. The Cox7a1 and CIDEA data are from two independent experiments (n = 12). Data are presented as mean 6 standard error of the mean with * P , 0.05 as significant from Kruskal-Wallis one-way ANOVA on ranks followed by all pairwise multiple-comparison procedures (Dunn method).
composition of the LAMA4 ECM is clearly different from WT ECM. Synthetic hydrogels containing peptides derived from laminin a1, AG73 (an a6 integrin-engaging ligand), and C16 (an a 5/v b 1/3 integrin-engaging ligand) were shown to positively influence expression of UCP1 by adipocytes in vitro and resulted in enhanced thermogenesis in mice following implantation of these hydrogels (25) . However, these peptides did not include LAMA4 structures and were from laminin isoforms not present in adipose basement membrane. It is also possible that the absence of LAMA4 also alters basement membrane assembly, resulting in different structure and mechanical properties. In previous work, UCP1 expression was shown to be influenced by substrate stiffness in three-dimensional culture environments (26) . Future studies could examine the mechanical properties and structural features of the adipose basement membrane to determine their contribution to UCP1 expression and thermogenesis in vivo. Additional understanding of ECM's ability to induce beige adipocytes could provide new strategies for tissue engineering of functional beige/brown fat.
In summary, basement membrane in adipose tissue directly influences adipocyte function. Resistance to obesity by Lama4 2/2 mice occurred with a simultaneous increase in EE. Additional focus on why Lama4 2/2 mice develop increased adipocyte beiging could lead to novel therapeutics that increase the thermogenic contribution of sWAT.
